Abstract The basic molecular characteristics of intervertebral disc cells are still poorly defined. This study compared the phenotypes of nucleus pulposus (NP), annulus fibrosus (AF) and articular cartilage (AC) cells using rat coccygeal discs and AC from both young and aged animals and a combination of microarray, real-time RT-PCR and immunohistochemistry. Microarray analysis identified 63 genes with at least a fivefold difference in fluorescence intensity between the NP and AF cells and 41 genes with a fivefold or greater difference comparing NP cells and articular chondrocytes. In young rats, the relative mRNA levels, assessed by real-time RT-PCR, of annexin A3, glypican 3 (gpc3), keratin 19 (k19) and pleiotrophin (ptn) were significantly higher in NP compared to AF and AC samples. Furthermore, vimentin (vim) mRNA was higher in NP versus AC, and expression levels of cartilage oligomeric matrix protein (comp) and matrix gla protein (mgp) were lower in NP versus AC. Higher NP levels of comp and mgp mRNA and higher AF levels of gpc3, k19, mgp and ptn mRNA were found in aged compared to young tissue. However, the large differences between NP and AC expression of gpc3 and k19 were obvious even in the aged animals. Furthermore, the differences in expression levels of gpc3 and k19 were also evident at the protein level, with intense immunostaining for both proteins in NP and non-existent immunoreaction in AF and AC. Future studies using different species are required to evaluate whether the expression of these molecules can be used to characterize NP cells and distinguish them from other chondrocyte-like cells.
Introduction
Low-back pain affects up to 80% of adults, with annual estimated direct and indirect costs upwards of $90 billion in the United States alone [25] . Although the aetiology of chronic back pain remains unknown and is likely to be multi-factorial, intervertebral disc degeneration appears to be a leading cause for chronic axial low-back pain [26, 40] .
A healthy intervertebral disc consists of three distinct regions the central nucleus pulposus (NP), the outer annulus fibrosus (AF) and the inferior and superior cartilage endplates. The NP is a highly hydrated gel-like matrix composed of negatively charged aggregating proteoglycans, randomly organized collagen fibres and radially oriented elastin fibres [5, 9, 18, 32, 50] . The surrounding AF consists of a series of concentric lamellae of predominately type-I collagen fibres [19, 28] . Throughout growth and skeletal maturation, the boundary between annulus and nucleus becomes less obvious, with the nucleus generally becoming more fibrotic and less gel-like with age [4, 27, 30] . The most significant biochemical change to occur at the onset of disc degeneration is a loss of proteoglycan [1, 27] , and a subsequent decrease in the loadbearing capability of the disc-as the proteoglycan content decreases, the osmotic pressure of the disc falls and the disc is less able to maintain hydration under load [1, 27] .
The cells of the AF, particularly in the outer region, appear ''fibroblast-like'', with an elongated and thin morphology aligned parallel to the collagen fibres and primary synthesis of type-I collagen. By comparison, the cells of the mature human NP are commonly characterized as ''chondrocyte-like''-spherical cells synthesizing primarily type-II collagen and aggrecan. This traditional characterization of AF cells as ''fibroblast-like'' and NP cells as ''chondrocyte-like'', however, appears to be an over-simplification. It has recently been suggested that cells of the AF could be chondrocytic at a different stage of differentiation than cartilage cells [35] . From the tissue-level perspective, the structure of the proteoglycans differs [6] and the proteoglycan : collagen ratio is higher in NP compared to articular cartilage (AC) [31] . Functionally, such differences are manifested as distinctly different mechanical propertieswhereas cartilage behaves largely like a viscoelastic solid, NP can behave both as a fluid and as a viscoelastic solid under different loading conditions [17] .
As an added complication, in young individuals and in adults of certain species there is a second population of cells in the NP, the so-called ''notochordal cells'', presumed remnants of the embryonic tissue that guided formation of the spine and the NP [47, 48] . Based on the concurrent timing of age-related changes and the disappearance of notochordal cells in humans [48] and the prevalence of disc degeneration in chondrodystrophoid canines (no notochordal cells in adult animals) versus nonchondrodystrophic canines (notochordal cells present in adults), a possible connection between loss of notochordal cells and disc degeneration has been surmised.
One of the fundamental issues in understanding disc degeneration and regeneration is to comprehend the cellular biology of the intervertebral disc. Despite the high prevalence of degenerative disc disease (DDD) and the debilitating consequences, the answer to such a basic question as to what defines a disc cell remains surprisingly puzzling. Furthermore, if a stem cell-based tissue engineering approach is envisaged for NP regeneration, it is crucial to know whether stem cell derived ''chondrocytelike'' cells are more similar to AC or NP cells.
Thus, the current study was performed to identify a set of genes that could potentially be used to characterize a NP cell. Since-as stated above-the phenotype expression of NP cells and articular chondrocytes are very similar and essentially the same markers, such as type-II collagen, aggrecan, or Sox-9 are used to identify these two cell types, we focused on genes that may distinguish NP from AC cells. We used rat coccygeal discs and AC from both young and aged animals and a combination of microarray, realtime RT-PCR and immunohistochemistry techniques to compare NP, AF and AC cells.
Materials and methods

Microarray analysis
A total of 16 Wistar rats (14-16-weeks old) were used for tissue harvest for the microarray analysis. AC was harvested from the femoral heads, trochlear grooves, femoral condyles and tibial plateaus; AF and NP were harvested from coccygeal discs (8-10 discs/rat). Cells were enzymatically isolated from their respective tissues using sequential pronase (Roche, Basel, Switzerland) and type 2 collagenase (Worthington Biochemical, Lakewood, NJ) digestion with DNase II (Sigma, St. Louis, MO) to prevent cell clumping (AC: 0.2% pronase, 1 h and 0.1% collagenase, overnight; AF: 0.2% pronase + 0.004% DNase, 1 h and 0.1% collagenase + 0.004% DNase, overnight; NP: 0.2% pronase + 0.004% DNase, 1 h and 0.04% collagenase + 0.004% DNase, 8 h). After enzymatic isolation, cells were lysed in TRI Reagent supplemented with 0.5% polyacryl carrier (both Molecular Research Center, Cincinnati, OH), and RNA was cleaned using a modified TRIspin method [37] . Briefly, 1-bromo-3-chloro-propane (0.1 ml/1.0 ml of TRI; Sigma) was added to the cell lysate, and the RNA in the resulting aqueous layer was cleaned by column purification with the GenElute Mammalian Total RNA Kit (Sigma) according to the manufacturer's specifications. RNA was eluted in 50 ll of RNase-free water and treated with DNase I (Sigma) to remove genomic DNA. RNA was precipitated (7 mM NaCl and 70% EtOH, 3 h at -80°C) and dissolved at a concentration of 1 lg/ll.
RNA was sent to MWG, Ebersberg, Germany, for Hybridization Plus Service. This service included T7 amplification of the RNA, Cy3 or Cy5 fluorescent labelling of the RNA, co-hybridization (NP/AF and NP/AC) to the MWG Rat 10K array, array imaging, and analysis. A total of four microarrays were prepared: NP/AF and NP/AC cohybridizations, each with dye-swap to exclude dye bias. The relative expression of each gene in NP versus AF and NP versus AC was expressed as a ratio of fluorescence intensities.
Real-time RT-PCR
The expression levels of seven genes [annexin A3 (anx3), cartilage oligomeric matrix protein (comp), glypican 3 (gpc3), keratin 19 (k19), matrix gla protein precursor Eur Spine J (2007) 16:2174-2185 2175 (mgp), pleiotrophin heparin binding factor (ptn) and vimentin (vim)] were further evaluated using real-time RT-PCR. In addition to confirming the findings of the microarray analysis for the isolated rat cells, the effects of enzymatic cell isolation on gene expression was evaluated by comparing expression profiles in RNA extracted from isolated cells to RNA extracted directly from tissue. Furthermore, real-time PCR was used to compare the levels of these genes in young (same age as cell source; n = 3 isolations separate tissue pools) and old rat tissue (*2-years old; n = 6 animals). For RNA extraction from tissues, tissue was first powderized under liquid nitrogen prior to the addition of the TRI Reagent, and RNA was isolated as described above.
Reverse transcription of total RNA to cDNA was performed using the TaqMan Reverse Transcription kit (Applied Biosystems, Foster City, CA). Real-time PCR was performed using the primers and probes listed in Table 1 and TaqMan Universal PCR MasterMix (Applied Biosystems) under standard thermal conditions (10 min at 95°C followed by 40 cycles of 15 s at 95°C and 60 s at 60°C; AB 7500, Applied Biosystems). Human 18S rRNA (Applied Biosystems) was used as the endogenous control and data were analysed using the Relative Quantification Method with C t values from isolated AC cells as the arbitrarily chosen experimental calibrator (ABI Prism User's Bulletin, Applied Biosystems).
Immunohistochemistry
Coccygeal discs and femoral condyles were dissected from 16-week-old rats, fixed in 4% paraformaldehyde, decalcified, dehydrated, frozen in OCT compound and cryosectioned. Sections were treated with 0.3% hydrogen peroxide in methanol for 30 min to quench endogenous peroxidase and then washed with phosphate-buffered saline (PBS). Then they were blocked with 2% normal serum for 30 min at room temperature and incubated with the primary antibody at 4°C for 18-24 h. Mouse monoclonal anticytokeratin 19 antibody (Progen Biotechnik GmbH, Heidelberg, Germany) and rabbit anti-gpc3 antibody (Santa Cruz Biotechnology, Santa Cruz, CA) were applied at concentrations of 12.5 and 8 lg/ml, respectively, in 1% BSA/PBS. Negative controls consisted of respective isotype matched irrelevant antibodies (rabbit or mouse IgG). Sections were washed and then treated with biotinylated antimouse or anti-rabbit IgG (Vector Laboratories, Burlingame, CA), respectively, for 45 min at room temperature. Slides were then processed using the Vectastain ABC Kit (Vector Laboratories), developed with 3,3 0 -diaminobenzidine (DAB) substrate (Vector Laboratories) and counterstained with hematoxylin. 
Statistical analysis
Statistical significance for RT-PCR data was determined using Kruskal-Wallis non-parametric analysis with MannWhitney U post-hoc testing. Significance was set at P \ 0.05.
Results
Microarray
To identify genes that could be used to uniquely distinguish NP cells from AF cells and articular chondrocytes, a comparative microarray analysis of 10,368 genes was performed. NP/AF and NP/AC comparisons were made by co-hybridizing the RNA from the two pairings onto separate arrays. Since the purpose of this study was to identify genes that could be used to characterize a given cell type, genes that had normalized fluorescence intensities \5 for both cell types on an array were excluded from further analysis. Furthermore, since we were looking for genes that could be used to distinguish between the different cell types, we further narrowed our search to genes with relative intensity differences of at least five, rather than the more commonly used factor of two.
From the NP/AC co-hybridization, 19 genes were identified that had a fluorescent intensity ratio of at least five, and 22 genes with a ratio \0.2 (i.e. AC/NP ratio [5) ( Table 2) . Three of these genes had ratios of ten or higher and four had ratios of 0.1 or lower. Interestingly, among the list of genes showing substantially higher expression in articular chondrocytes compared to NP cells was procol2a1 (NP/AC = 0.14), the gene coding for the a1 chain of type-II collagen, which is the predominant collagen in the NP.
From the NP/AF co-hybridization arrays, 27 genes were identified with fluorescence ratios of at least five, and 36 genes with ratios below 0.2 ( Table 3) . Three of these genes had ratios of ten or higher and ten genes had ratios of 0.1 or lower.
Keratin 19 and gpc3 had ratios [10 in both the NP/AC and NP/AF comparisons (Table 4) . ptn also showed large differences between NP/AF and NP/AC (11.1-and 9.9-fold, respectively). vim also showed a large difference between NP and AC cells (NP/AC = 7.7), but not between NP and AF cells (NP/AF = 2.9). These four genes were chosen for further analysis by real-time RT-PCR as potential ''markers'' for NP cells. Additionally, to obtain a better understanding of the relative sensitivities between microarray analysis and RT-PCR, anx3 was chosen for evaluation by RT-PCR; the ratios of both NP/AC and NP/ AF were at least five, but still had a relatively low intensity in the NP (normalized fluorescence intensity = 5.4).
In an effort to also identify genes that could potentially be used to determine that a cell is not a NP cell, two genes which were highly expressed in articular chondrocytes and had AC/NP ratios near ten were also analysed by RT-PCR-comp and mgp (9.3-and 15.8-fold lower intensity in NP versus AC, respectively).
Real-time RT-PCR
The differences in anx3, comp, gpc3, k19, mgp, ptn and vim expression were confirmed by real-time RT-PCR using RNA extracted from isolated cells in the same manner as for the microarray hybridization ( Fig. 1; cells) . Relative mRNA levels of anx3, gpc3, k19 and ptn were significantly higher in NP samples compared to AF and AC samples (P \ 0.05). Additionally, vim mRNA levels were higher in NP samples compared to AC, and comp and mgp levels were lower in NP compared to AC (P \ 0.05). It should be noted that the magnitude of difference in gene expression levels as measured by RT-PCR was much greater than shown by microarray fluorescence intensities. For example, whereas there was a 13-14-fold difference in intensities for k19 and gpc3 (NP versus AC) on the microarrays, there was a 100-1,000-fold difference by RT-PCR.
The RT-PCR data also confirmed that there were no significant differences in the relative gene expression measured from RNA extracted from tissue compared to RNA extracted from isolated cells (Fig. 1 ). There were, however, significant differences in gene expression among young and aged rats (Fig. 2) . Compared to levels measured in young tissue, aged tissue had higher NP levels of comp and mgp mRNA, and higher AF levels of gpc3, k19, mgp and ptn mRNA. The elevated comp expression of aged NP samples was similar to the level measured for AC (young rat tissue), but the elevated mgp expression in the aged NP remained nearly tenfold lower than in AC. The age-related changes in AF expression of gpc3, k19 and ptn resulted in statistically similar expression levels of these genes in the NP and AF for aged rats.
Immunohistochemistry
Immunohistochemical analysis was performed to identify and localize the protein expression of k19 and gpc3, whose mRNA expression levels were strikingly different between NP and AC cells in both young and aged rats.
In general, the NP of young rat discs appeared inhomogeneous with a central area consisting of single cells including large vacuoles and of acellular regions, whereas the peripheral part contained groups of condensed cells and an extended extracellular matrix. Since the acellular regions and the vacuoles did not exhibit any immunoreactivity, the central part generally appeared less stained than the peripheral areas.
Consistent with the gene expression data, positive immunostaining for k19 was noted in the NP of young rat discs (Fig. 3a) . The staining was localized intracellularly throughout all the NP cells. In contrast, no k19 immunostaining was identified in AF cells. Furthermore, articular chondrocytes were also immunonegative for k19 (Fig. 3b) . Nucleus pulposus tissue also demonstrated a strong intracellular immunoreaction for gpc3 (Fig. 4a) . Gpc3 staining was identified in a majority of the cells throughout the NP, but was most intense towards the periphery, in particular towards the border to the AF. No immunoreactivity for gpc3 was found in AF and AC cells (Fig. 4b) .
Control sections probed with irrelevant immunoglobulins did not show any staining for neither disc nor cartilage specimens.
Discussion
No genes were identified that were clear ''on/off'' markers to distinguish NP cells from AC or AF cells. There were, however, a total of 63 genes with at least a fivefold difference in fluorescence intensity between the NP and AF cells compared to 41 genes with a fivefold or greater difference comparing NP cells and articular chondrocytes.
In order to increase the purity of the RNA extracted for microarray hybridization, cells were first isolated from their extracellular matrix by enzymatic digestion. It may be expected that such a process can change gene expression levels, thus it was important to confirm the findings from the microarray with real-time RT-PCR using RNA extracted both from isolated cells and directly from the tissue. For the genes examined by RT-PCR (annexin A3, comp, gpc3, k19, mgp, ptn and vim), there was no significant difference in the gene expression for cell or tissue isolation. The possibility remains, however, that true differences in gene expression that would be seen with RNA extracted directly from tissue were not detected because the cell isolation procedure neutralized such differences. In addition, our results were based on one single microarray analysis. Therefore the present study cannot be regarded as comprehensive or conclusive over the phenotypical differences between the different cell types; it rather reports on the identification of a number of genes that are differently expressed in the cells/tissues analysed.
In choosing the subset of genes for RT-PCR analysis, relative levels of gene expression (very high or very lowfluorescence ratios on the microarray), individual fluorescence intensities and reported functions/classifications of the genes were considered. The relative levels of individual fluorescence intensities were used to eliminate genes which were expressed at very low levels in all three cell types since the purpose was to find a set of genes that could be used to identify a given cell type. Additionally, although procol2a1 met the criteria of at least a fivefold difference (AC [ NP), it was highly expressed in both NP and AC cells; thus, while its expression is one of the criteria currently used to characterize a cell as an NP cell, it may not be used to distinguish an NP from an AC cell. Finally, it was desired to have a set of genes that could potentially lend insight into development/differentiation of the NP cell population and/or functional differences among NP and AC or AF cells (see Table 5 for a summary of gene functions and their relevance to cartilage and disc cells).
Although it was not a primary objective of this study to identify a gene that could be used to characterize aging of the intervertebral disc, we had anticipated substantial agerelated changes in the rat NP based on reports that the cell population of the rat NP changes from a predominately notochordal cell type to a more mature (''chondrocytelike'') cell type around 12 months of age [43] . For the genes chosen for RT-PCR analysis in the current study, however, the only statistically significant age-related changes in the NP were with comp and mgp expression; with comp expression in the aged NP cells increasing to near the level measured in young rat AC. In contrast to the few age-related changes in the NP, gpc3, k19, mgp and ptn expression changed with age in the AF. In all cases, gene expression shifted towards levels measured in the NP in the older tissue samples. It is unclear from this study whether this shift is due to a true shift in the AF cell or due to partial inclusion of NP tissue in the AF samples. The NP/AF boundary is less distinct in the older animals and since it was anticipated that NP cells would be more similar to AC cells, tissue was harvested as to err on Fig. 3 Immunolocalization of keratin 19 in rat a coccygeal disc and b articular cartilage, assessed using DAB as the chromogen. a Intense intracellular k19 staining was observed in the NP, which was virtually absent in the AF. b Articular chondrocytes were immunonegative for k19. Scale bars = 0.1 mm Fig. 4 Immunolocalization of glypican 3 in rat a coccygeal disc and b articular cartilage, assessed using DAB as the chromogen. a Intense intracellular gpc3 staining was observed in the NP, while AF was immunonegative for gpc3. b Articular chondrocytes showed no gpc3 immunostaining. Scale bars = 0.1 mm the side of including NP tissue with AF rather than including AF tissue with NP. Immunohistochemical studies basically confirmed the gene expression data at the protein level. The strong gpc3 reaction of the NP cells, which was absent in AF and AC, suggests that gpc3 expression may be an explicit feature of NP cells. High levels of gpc3 have been found in most tissues during mammalian development [34] , whereas in the adult, gpc3 expression is strongly limited [42] . Supporting our observation, Pellegrini et al. reported that the gpc3 labelling of developing mouse vertebrae remained, after ossification, only in the NP [34] . Gpc3 is a highly versatile proteoglycan that has been shown to regulate various growth factors, depending on the tissue, the developmental stage, and its membrane-bound or secreted form [10] . Since gpc3 has also been shown to induce apoptosis in certain cell-types [13] , one could speculate that this proteoglycan may contribute to the change in cell populations within the NP. On the other hand, gpc3 mRNA was still highly expressed in the NP of aged rats, suggesting that NP might be one of the rare tissues that retain gpc3 expression.
The large differences in k19 mRNA levels between NP and AC cells were also reflected by the k19 immunoreactivity of the respective tissues. K19 has previously been associated with notochord and chordoma [14, 44] . Thus, this protein might be expected to be present primarily in notochordal cells of the NP. Nevertheless, the majority of the NP cells stained k19 positive. This is, however, consistent with the finding that k19 mRNA was expressed at high levels also in NP of old rats that are expected to be devoid of notochordal cells. Notably, several of the molecules found to be highly expressed in NP, namely k19, gpc and ptn, play an important role in tissue development and differentiation. This reflects, in addition to the variable occurrence of notochordal cells also on a molecular basis, that in certain species the NP may continue to express developmental molecules after birth and possibly throughout life.
Recently, Risbud et al., suggested that hypoxia inducible factor 1a (HIF-1a) could be used to distinguish NP cells and articular chondrocytes [38] . NP cells uniquely expressed functionally active HIF-1a protein under normoxic conditions and only modestly increased their HIF-1a A recently published study, which also employed microarray analysis of RNA extracted from rat coccygeal discs, identified CD24 as a potential marker for NP cells [11] . In the current microarray, the NP : AC intensity ratio for CD24 was 2.3, supporting their findings that CD24 is more highly expressed in the NP compared to AC, but not meeting our stricter criteria of an intensity ratio [5 to warrant further investigation. It is possible, however, that enzymatic isolation of the cells from their extracellular matrix affects the expression of cell surface proteins, such as CD24. Due to the potential utility of using a cell surface marker such as CD24 for cell sorting and/or immunolocalization, CD24 remains an interesting candidate and warrants further investigation.
Conclusions
The present study evaluated a set of genes that are distinctly higher expressed in rat NP compared to AC cells. In view of a stem cell-based tissue engineering approach for NP regeneration, expression of these molecules could become instrumental in monitoring and, eventually, triggering stem cell differentiation towards IVD cells. However, future studies using different animal models in which notochordal cells are not present after birth are necessary to confirm whether the expression of gpc3 and k19 can be used to distinguish a mature NP cell from an articular chondrocyte, especially with respect to the human situation. In particular, it will be essential to evaluate whether these genes can generally be attributed to NP cells or whether they depend on the presence of notochordal cells. In addition to the limitation of the rat model due to the ambiguity of the notochordal cells, the functions of the rat coccygeal disc in comparison to the functions of the human IVD need to be considered in the interpretation of the findings of this study. Nonetheless, the rat was an appropriate model for this study due to the need to have an abundant supply of healthy disc tissue, the commercial availability of a rat microarray and the common use of the rat model to study the etiology of disc diseases.
